This photosulfidation process differs from existing technology in a very fundamental way. It is the first passivation process using elemental sulfur vapor com bined with chemical activation of sulfur by photoexcita tion using UV light to generate highly reactive S-spe cies. This use of photon absorption and molecular exci tation to generate reactive sulfur species has not previ ously been employed for passivation of compound semi conductor surfaces. There have been a number of previ ous passivation processes based on sulfur compounds, but none have employed photoactivation. These earlier processes include wet dips/spins of solutions of various sulfides such as Na2S, (NH4)2S, (NH4)2S, and P2S5/(NH4)2S, treatment with organic thiols, treatment with hydrogen sulfide plasmas, and spin-casting of solu tions of AsSy. After consideration of the effects of semiconductor doping level and photoluminescence (PL) excitation wavelength, all these earlier treatments and this photosulfidation process produce the same order of magnitude change in PL intensity, indicating comparable efficacy as passivation processes. When properly handled, the present process can produce PL results -50%-7.5% better than the earlier treatments.
This relative equivalence is not unexpected, since in all cases semiconductor-sulfur bonding is responsible for the improved electronic properties. Consequently, the following comparison of processes will emphasize the numerous advantages of our photosulfidation process in areas other than passivation.
There are some general advantages of this photosulfi dation process over alternative S-based passivation pro cesses. These include such features as negligible genera tion of hazardous waste, low toxicity of the chemicals involved, the convenience of transient exposure to UV light and a low pressure vapor, the inexpensive equip ment requirements (a high vacuum reaction chamber and a UV light source such as a high-pressure Hg lamp), the low probability of process-induced damage to semi conductor, and flexibility regarding the point in the device fabrication process at which passivation can be performed, i.e., it can be done after metallization as a final process step before encapsulation. In addition, it can be readily incorporated as a step in vacuum inte grated processing.
SUMMARY OF THE INVENTION
This new process is based on the generation of highly reactive sulfur species by photolysis of molecular sulfur vapor using ultraviolet (UV) light. The resulting highly reactive sulfur species then react with a compound semiconductor surface. This reaction changes the elec tronic properties of the semiconductor; some possible changes include lower surface state density, lower sur face recombination velocity, altered space charge depths, etc. The net effect of such changes is an im A wide range of microelectronic and optoelectronic devices can be improved by the electronic passivation provided by our process. These include electronic de vices such as heterojunction bipolar transistors (HBTs), nonvolatile memories, and solar cells. For example, HBTs can benefit from passivation to achieve gain at low currents for reduced power consumption and by improved gain at higher currents for improved perfor mance. Nonvolatile memory devices in compound semiconductor materials currently are not a marketable technology due, in large part, to carrier losses through surface recombination. This process can also be used to lower trap densities to improve Schottky contact per formance, which will improve MESFET performance. If the passivation process unpins the Fermi level, MIS devices will be possible. Optoelectronic devices that can be improved include edge-emitting lasers, vertical cavity lasers, ring diode lasers, photonic circuit compo nents such as waveguide photodetectors, optical ampli fiers, and many other types of photonic and electronic devices with exposed edges.
BRIEF DESCRIPTION OF THE DRAWING
The drawing FIGURE is a bar chart showing the photoluminescence response in arbitrary units, normal ized to a non-sulfur-passivated surface, of a variety of different sulfur passivation surface treatments.
DETAILED DESCRIPTION OF THE INVENTION
The first step in the photosulfidation process is the removal or reduction of oxides on the compound semi conductor surface. There are several methods for achieving this oxide removal, as would be known to someone skilled in the art. These methods include, but are not restricted to, aqueous oxide removal techniques, such as treatment with NH4OH-based solutions, lactic acid-based solutions, or HCl-based solutions followed by a rinse or not; thermal desorption of the oxides; hydrogen plasma oxide removal; etc. The preferred method of oxide removal will depend on the semicon ductor compound and device structure that is to be passivated, and would be readily selected by one skilled in the art.
Active sulfur species that can react with and passiv ate the compound semiconductor surface are generated by absorption of UV light by molecular sulfur, which normally exists in the vapor phase at low temperature as S8 rings. These highly reactive sulfur species, including such species as S8 (chain), S6, and other sulfur radicals, then react with the compound semiconductor surface in such a fashion as to alter the surface electronic proper ties of the semiconductor in a desired way. It is also possible that the generation of the reactive sulfur spe cies occurs at the surface of the semiconductor rather than above it. The data are inconclusive on this point. One embodiment of this process projects UV light with wavelengths less than or equal to 400 nm onto the com pound semiconductor surface. While the surface is illu minated with UV light, sulfur vapor is introduced into the reaction chamber at pressures less than one atmo sphere. The desired pressure of sulfur is provided by heating a crucible containing solid sulfur to the temper ature that will provide the desired vapor pressure. In one embodiment, the pressure employed is between 10-7 and 10-3 Torr and the semiconductor is at room 5,451,542 3 temperature. Sulfur impinging or adsorbed on the sur face is converted from less reactive S8 rings to more reactive S-containing species by photolysis (1). This photolytic activation of sulfur can occur on the surface following adsorption or in the gas phase before adsorp tion. It is desirable to initiate photolysis before a thick layer of unphotolyzed S8 (ring) deposits on the com pound semiconductor surface, thereby preventing reac tion between the surface and the photoactivated sulfur. This is most readily achieved by directing UV light onto the surface before the introduction of appreciable S8 (ring) flux and by using a photon flux significantly in excess of the S8 (ring) flux to the surface to insure that the probability for photolysis prior to being covered up by subsequent S8 (ring) deposition is high. The photon flux-to-S8 flux ratio is normally 1:1 or greater.
A commonly employed measure of the passivating ability of a process for semiconductors is the increase in photoluminescence (PL) intensity, which correlates with such electronic properties as reduced surface state density, decreased depletion layer thickness, and lower nonradiative surface recombination rates. All of these changes in electronic properties can contribute to supe rior device performance. The effect of this photosulfi dation process on the PL intensities of several n-type GaAs materials of different doping levels has been ex amined. All have shown significant improvement in PL intensity due to photosulfidation. For example, in creases in PL intensity of up to nine-fold have been measured with 5X1016/cmn-GaAs (epitaxially grown by molecular beam epitaxy), indicating substantial im provement in surface electronic properties, and even better results with both n-GaAs and p-GaAs are re ported below. GaAs has been employed in these PL studies because of the convenient wavelength of its PL emission. However, this process is applicable to the entire family of III-V semiconductor materials, regard less of band-gap emission energy, and possibly to II-VI and II-IV materials as well, with the true scope of this invention being described in the claims found below.
One very important improvement of this photosulfi cation process over prior processes is its use of elemen tal sulfur, which is a much less hazardous material than the chemicals used in previously developed S-based passivation processes. Specific comparisons of toxicity and other environmental hazards are discussed for each competing process below.
This photosulfidation process is a dry (gas-phase reactant) process. There are many advantages of dry processes over wet processes, as are well known to those skilled in the art of semiconductor device fabrica tion. These include such factors as ease of reactant han dling and post-process waste handling and the possibil ity of vacuum integrated processing. The competing dry process for S-based passivation employs thermal or plasma activation of hydrogen sulfide. Hydrogen sul fide is an extremely toxic gas (human LCLo= 800 ppm/5 min, rat LC50-444 ppm, which are lower than the values for hydrogen cyanide). Use of such toxic gases requires expensive gas handling equipment, both for reactant introduction and for post-process waste stream scrubbing, and leak detection equipment for safe usage. In contrast, the inhalation toxicity of sulfur vapor is sufficiently low that LCLo or LC50 data are not even included in the sulfur MSDS. No toxic byproducts of 65 the passivation process are expected, either. Addition ally, the sulfur is loaded into the vaporization crucible as a solid, which makes for great ease of handling. An 4 additional problem with plasma-based processes is the presence of energetic particles that can damage the semiconductor material in ways that degrade the very same electronic properties that one wants to improve by passivation. Since the photosulfidation process used photons rather than energetic particles to generate highly reactive S-species, there will be no comparable process-induced damage. It is also well known that hydrogen-containing plasmas can passivate donors and /or acceptors, thereby requiring high-temperature treatment for carrier reactivation. This photosulfidation process does not employ atomic hydrogen sources and will not, therefore, require thermal treatments follow ing passivation.
The principal competing wet technologies employ solutions of various sulfide compounds or of organic thiols. Such solutions are invariably accompanied by unpleasant and potentially toxic vaporization of sulfur containing compounds. For example, acidification of sulfide solutions will release extremely toxic hydrogen sulfide vapor. Hydrogen sulfide may also accumulate in the head space of containers or in enclosed areas where the sulfide products are stored, handled or used. It is also necessary to handle aqueous or organic solvent wastes containing sulfides, possibly including hydrogen sulfide. Additionally, the advantages of dry vs. wet processing are well known to those skilled in the art of microelectronic processing.
Processes based on spin-casting AsSyglasses employ a toxic and potentially carcinogenic material and would require use in designated areas following carcinogenic/-highly toxic chemical handling protocols. This is in strong contrast with our process, which uses only rela tively nontoxic materials.
Sulfur passivation studies were conducted with n GaAs (6.9X 1016/cm3) and p-GaAs (1.1 x 1017/cm3) grown by molecular beam epitaxy (MBE) on a substrate of (100)n+-GaAs (1.85X1018/cm3). Substrate material was used for completing the survey of suitable methods of native oxide removal from the GaAs surface. Failure to remove the native oxide effectively precludes any photosulfidation. Two common etchant solutions, 1:20 NH4OH/H2O/ and 1:10 HCl/ethanol, were used for oxide removal. The GaAs surface was flushed with the etchant for 30 seconds and, in the case of the HC/ethanol etchant, rinsed in ethanol. Electronic grade rea gents were used to prepare the etchant solutions. Be cause the prototype sulfur deposition chamber was not designed for in-situ oxide removal, the degree to which the surface is oxide free, and hence the subsequent de gree of photosulfide passivation, is strongly dependent on sample handling between removal from the oxide etchant solutions and sulfur exposure in-vacuo. Our original cleaning studies were conducted in the ambient atmosphere under copious N2-gas flow to blow-dry the substrate after etching/rinsing and to provide a rela tively inert gas curtain for vacuum loading. Excessive oxygen exposure during such handling has led us more recently to use N2-purged glove bags attached to our photodeposition and analysis chambers for cleaning and loading processes. While cleaning in N2 atmosphere has improved the extent of sulfidation, photosulfidation can be expected to provide the greatest improvement in electronic properties when applied to an oxygen-free surface in a vacuum integrated mode.
The photodeposition chamber is a standard high vac uum cross equipped with a MgF2 viewport, low cur rent/thermocouple feedthrough, a custom sample 5,451,542 5 mount and appropriate valving for turbomolecular pumping, isolation and inert gas backfilling. The sulfur source consists of a glass crucible containing precipi tated sulfur powder (>99.5%). The sulfur temperature and vapor pressure can be controlled by resistively heating a wire element wrapped about the crucible. The source temperature is monitored with a thermocouple attached to the crucible with a thermally conductive ceramic adhesive. Typical source temperatures during deposition are 46-48 , which yields a sulfur partial pressure of 3x10-5 Torr. Photodissociation of the Ss allotrope to produce highly reactive sulfur radicals is accomplished by irradiation with UV light (w<320 nm). A high pressure Hg arc lamp was used as a UV photon source. We estimate a photon flux for A<320 nm to be 2-4x1015 photons/cm2-s. Under deposition conditions, we estimate a photon-to-S8 flux ratio of 2:1 at the GaAs surface.
Exposure to 10-5 Torr sulfur before UV illumination results in no improvement in PL; this suggests that no appreciable reaction occurs between the GaAs surface and the photoactivated sulfur if there is significant mo lecular sulfur exposure before illumination. We attribute this lack of reaction to condensation of a sufficient thickness of molecular sulfur on the surface to exclude access of photodissociated reactive sulfur species to the GaAs. Photolytic formation of highly reactive sulfur species may occur in the gas phase or during adsorption on the GaAs surface; our experiments to date do not exclude either possibility.
The intensity of the room temperature GaAs PL signal at a fixed wavelength of 872-nm with a spectrom eter band pass of 8 nm was used to assess the effective ness of photosulfidation as a surface passivant. Most S-based passivations are unstable in the presence of oxygen; this instability is increased in the presence of light. Consequently, a N2 gas curtain was maintained across the sample surface to minimize oxygen exposure during PL measurements. The PL excitation intensity at 488 nm was held constant at less than 3.6 W/cm2 for all PL reported here. The PL intensity was measured at 9.25 second intervals with a lock-in time constant of 3 sec. Although these conditions result in moderate signal to noise, they minimize photo-induced loss of passiv ation due to the PL-excitation beam. The variation in the values for PL intensity from native oxide surfaces is less than 0.05 arbitrary units as displayed in the drawing FIGURE; we assume a similar measurement uncer tainty for sulfided surfaces. The PL intensity from sam ples immersed in aqueous (NH4)2S for 15 min at 21 C., a common wet sulfide process, was also measured for comparison of the conventional wet process with photosulfidation. In the FIGURE, bar 10 represents the 6 normalized intensity PL intensity response for the na tive oxide surface with a value of 1 and bar 12 is the response after dipping in (NH4)2S, with neither includ ing the photosulfidization step of this invention. The remaining bars in the FIGURE show the PL response after photosulfidization with bar 14 using an NH4OH oxide removal solution done in air, with bar 16 using an NH4OH oxide removal done in an N2 bag, with bar 18 using HCl/ethanol oxide removal in air, with bar 20 using HCl/ethanol oxide removal in an N2 bag, and with bar 22 using HCl/ethanol cleaning in the N2 bag with an additional stream of N2 being directed on the sample at all times. The importance of careful oxygen exclusion is apparent.
